Abstract-In this paper, we propose a technique for cooperation and underlay mode selection in cognitive radio networks. Hybrid spectrum sharing is assumed where the secondary user (SU) can access the primary user (PU) channel in two modes, underlay mode or cooperative mode with admission control. Overlay spectrum sharing allows the SU to occupy the spectrum only when the PU is idle. Cooperation (collaboration) occurs when the SU admits the PU's packet into a relay buffer to transmit in the subsequent timeslots, i.e. timeslots when no successful transmission from the PU source to the destination. In addition to accessing the channel in the overlay mode, secondary user is allowed to access the channel in the underlay mode by occupying the channel currently occupied by the primary user with small transmission power. It is proposed that the secondary user can exploit the underlay access only when the primary channel is at good transmission conditions or predicted to be in non-outage state. The destination sends a feedback message with the received SNR (channel quality status) to the PU source, which is overheard by the SU. The SU exploits the SNR feedback messages to build and update a belief function about the primary channel quality. The belief function leads the SU to select the best access mode each timeslot, underlay or cooperation. We characterize the maximum achievable throughput of our proposed hybrid spectrum sharing. By observing the simulation results, the proposed model attains noticeable improvement in the system performance in terms of maximum secondary user throughput than the conventional cooperation and noncooperation schemes.
I. INTRODUCTION
Cognitive usage of spectrum has been identified as useful methods for efficient utilization of the scarce radio resources. Under such paradigm, the spectrum owned by the primary system is opportunistically accessed by the secondary system using cognitive radio technology. Secondary users can access the spectrum without impacting on the primary users' performance [1] . In order to achieve cognitive radio objectives, SUs are required to adaptively modify their transmission parameters according to changes in the system or in the PU behavior. Recently, cooperation between the SU and PU has gained a lot of attention in cognitive radio literature. Specifically, SUs act as relays for the PU data while also trying to transmit their own data.
In [2] , the advantages of the cognitive transmitter acting as a "transparent relay" for the PU transmission are investigated. Authors proved that the stability region of the cooperative system is wider than the non-cooperative system. Keeping the cooperation as a basis, extensions are made by providing admission control at the SU relay queue. Each timeslot, the SU decide whether or not to accept the PU packet and bear responsibility for PU's packets delivery.
Queues' stability and delay in cooperative cognitive radio network with admission control is studied in [3] . A system is assumed where the secondary user has finite energy sources. The SU is equipped with two queues, its own queue and relaying queue, with a battery for energy storage. Primary user's packet is admitted to the relay queue with certain admission probability. It was found that, the maximum achievable PU arrival rate is non-decreasing function of the admission probability.
A hybrid underlay-overlay cognitive radio system with energy harvesting is studied in [4] . A system in which secondary user can harvest energy from the primary user's signal as well as from the other ambient sources. The secondary user either operates in one of the three modes, overlay and underlay in order to maximize the throughput, or in the sleep mode. The SU could remain in the sleep mode without transmission in order to conserve energy, or harvests energy from the primary channel in order to maximize the remaining energy. Authors proposed an access strategy in which the partially observable Markov decision process (POMDP) framework is used to determine action of the secondary user to maximize the system throughput. It was shown that the considered system provides 60% improved throughput than overlay-only cognitive radio.
In [5] , the maximum throughput of a saturated rechargeable secondary user sharing the spectrum with a primary user was derived. The SU has a buffer for storing the admitted primary packets for relaying, and a buffer for storing the energy tokens harvested from the environment. Authors proposed a hybrid cognitive relaying method that allows the SU to operate in two modes. The SU either cooperate with PU to relay a fraction of the undelivered primary packets, or exploits the multi-packet reception (MPR) nature of the channel to transmit concurrently with the PU. It was shown that cooperation and receivers' MPR capability improve the system performance. Several works paid attention to study the hybrid spectrum sharing in cognitive radio networks [6] [7] [8] .
Sequential decision making in cognitive radio networks has been studied in many works. In [9] , the problem of opportunistic spectrum access (OSA) in time-varying channels was studied. Primary channels are characterized by both their channel quality and the probability of being occupied by the primary users. A two-dimensional POMDP framework is suggested for OSA. A greedy strategy is proposed, where a SU selects a channel that has the best-expected data transmission rate to maximize the immediate reward in the current slot. Secondary user is allowed to occupy idle channel that is most likely to have better channel quality and lowest probability of being occupied by the primary users.
In this paper, we propose a method for hybrid spectrum sharing in cognitive radio network. We consider a cognitive radio network composed of single PU source and single SU source transmit their data to a common destination. The SU can occupy the primary channel in two modes, underlay mode or overlay mode with cooperation. The SU selects the appropriate access mode depending on the PU's channel quality; cooperates with the PU when the primary channel is expected to be in outage, or access the spectrum concurrently when the channel can sustain good transmission conditions. We derive belief function providing information about the probability that the PU's channel has certain SNR level at certain timeslot. We resort to the finite state Markov chain (FSMC) model to calculate the transition probabilities between channel SNR levels. The belief function is used jointly with a reward function to select the appropriate access mode each timeslot. Appropriate access mode is selected to maximize the SU's throughput. To the best of our knowledge, hybrid spectrum sharing depending on the primary channel has not been studied before.
The rest of this paper is organized as follows. Section II introduces the system model and channel models. Belief and reward functions are found in section III. Section IV presents the performance analysis comparing the different systems under investigation. Finally, concluding remarks are drawn in Section V. Fig. 1 . System model. Fig. 1 depicts the system model under consideration. It is supposed that in a time-varying environment there is one PU and SU transceivers accessing a licensed fading channel with bandwidth B Hz. Secondary user has to carry out spectrum sensing to detect spectrum occupancy each timeslot. Primary user has one data queue, Q ୮ . The arrival process at Q ୮ is modeled as Bernoulli arrival process with mean λ ୮ [packets/slot]. Considering the SU, it is represented by two data queues, Q ୱ and Q ୮ୱ . Q ୱ is an infinite capacity buffer for storing the SU's own packets which is assumed to be backlogged. Q ୮ୱ is a buffer for storing the admitted primary packets for relaying, that have not been successfully received by the destination through the direct path.
II. SYSTEM MODEL
Primary user transmits packets from Q ୮ whenever the queue is non-empty. Primary user removes the transmitted packet from its queue when it is followed by an ACK message from the destination or from the SU source. The destination sends a feedback message to the PU source to inform whether the transmission was successful or not. The feedback message contains two fields; one field represents ACK/NACK type, and another field represents the SNR level received by the destination. If the received SNR level at the destination was above certain threshold, the PU source receives a positive ACK message corresponding to successful transmission, and vice versa. Consequently, the channel quality status of the primary link is known from the received SNR at the destination.
Due to the broadcast nature of wireless transmission, the SU can overhear the ACK/NACK messages from the destination to the PU source, it can send independent ACK feedback message if the PU source-destination link is in outage and the PU packet is correctly received and admitted at the SU source. Additionally, the SU exploits the SNR feedback associated with the ACK/ NACK message to build and update a belief function which is used in conjunction with the reward function to deduce the action (access mode) in each timeslot.
The secondary user exploits its observation about the primary channel to take the appropriate decision each timeslot. If the channel sustains good transmission conditions, the secondary user can access the channel in the underlay mode. On the other hand, if the primary channel is predicted to be in outage, the secondary user not only becomes silent, but also admits the packet in the relay queue to cooperate with the primary user.
Our proposed hybrid spectrum sharing model works as follows: each timeslot the PU channel is sensed. If the PU is sensed to be idle, the SU accesses the channel to serve a packet from Q ୮ୱ if nonempty, otherwise it serves its own data queue. If the channel is sensed as busy, the SU has two decisions (actions) corresponding to two operation modes. In the underlay mode, and depending on the belief function about the channel between the PU source and the destination, the SU sends its data concurrently with the PU transmission with a small power. In the cooperative mode, the SU chooses to accept the PU packet and inserts it in the relay queue. In the timeslots when the channel between the PU source and destination is in outage, if the SU received the PU's packet correctly, the packet will be stored in the relay queue and the SU will bear the responsibility to deliver this packet by sending ACK message to the PU source.
The assumed model of the PU channel is tenable to build the belief function and use it to predict the future of the channel quality, as discussed in next subsections. Furthermore, the SU has a reward function of its decision; this reward is defined as the profit gained by the SU corresponding to the chosen decision. We further propose a flowchart of our hybrid spectrum-sharing model, which is shown in Fig. 2 . The analysis in the next subsections will show how to map the belief function to get the appropriate action which maximizes the reward function.
Channel Model
In this subsection, we explain the channel model of the link between the PU source and the destination. All channel models in the network are assumed to have the same model. A fading channel in a time-varying environment is modelled as finite state Markov chain model Fig. 3 . This model is introduced to characterize the channel quality levels of the fading channel, these quality levels (thresholds) are given as:
where 0 = Г < Г ଵ < ⋯ Г ିଶ < Г ିଵ < ∞ and ߟ represents the different between adjacent SNR levels in terms of achievable data rate, in units of bps. The source transmits a training sequence in each packet and in turn, the destination receives them and sends feedback to the transmitter with the received SNR [10] . Accordingly, the received instantaneous SNR γ is partitioned into M non-overlapping levels. If Г < γ < Г ାଵ , the current SNR state of the channel is regarded as m. Channel SNR levels is plotted in Fig. 4 at different values of ߟ for ‫ܯ‬ =8 and ‫ܤ‬ = 6 MHz. Fig. 4 . Channel SNR.
The packet transmission is assumed to last for a whole timeslot, and the length of the timeslot is large enough such that SNR's states change according to the FSMC, from certain state only to the adjacent states, or remain at the same level. In the next subsections, we are going to derive an expression for steady state distribution of each level of the quantized channel levels and the rate of crossing each level. These parameters will be used to calculate state transition probabilities between the channel quality levels. We will adopt the state transition probabilities to build and update the belief and reward functions at the SU.
In such a multipath propagation environment with fading channel, the received SNR is an exponential random variable with the probability density function (PDF) =
Concerning the FSMC of channel levels, the steady state distribution of level ݉ ϵ {0, 1,· · ·, ‫ܯ‬ − 1} is given by ߨ .
and the level crossing rate function is Ʌ(݉) for a given level ݉ ϵ {0, 1,· · ·, ‫ܯ‬ − 1} ,
The level crossing rate function Ʌ(݉) denotes the average number of times per time interval that the fading signal crosses a certain signal level [11] , and ݂ ௗ represents the Doppler frequency of the mobile terminal. It is involved here since it was found that the envelope of the fading levels of such a channel is shaped by the Doppler frequency. The adjacent transfer method proposed in [12] is assumed for the transitions between SNR levels, which assumed any transitions only can happen between adjacent states or between the same states: 
The state transition probabilities can be obtained directly from the steady state distribution of each level ݉ ϵ {0, 1,· · ·, ‫ܯ‬ − 1} and the level crossing rate function Ʌ(݉) of the corresponding level, Therefore, the state transition probabilities can be obtained as follows:
where ߬ ௧ represents the packet duration time [10] . Since the summation of each transition probabilities in all states is one, the probability to transit to the same state is given by ‫ݑ‬ ,
The decision at timeslots when the PU is active is whether to accept the PU packet in the relay queue, or to access the channel concurrently in the underlay mode. This decision (action) is built upon the belief function at the SU. The SU builds and updates a belief function about the probability that the SNR level of the PU channel will lie in certain SNR level among predefined levels. In the next subsection, we introduce the belief function expression and the suggested reward function used to map the probabilities of the belief function to the chosen action. The decision is made to maximize the current reward of a finite horizon problem.
III. BELIEF AND REWARD FUNCTIONS
The SU maintains and updates a belief vector representing sufficient statistical information about the PU channel since the actual quality state is unknown. The SU can know the exact state of the PU channel only when the PU is active as the channel state could be overheard from the feedback message to the PU source. Therefore, an important definition, named quality vector, is defined to describe the channel quality information and is defined as follows:
where Θ ୬ (t) is the belief function about the PU channel quality state in timeslot n, and ߚ is the probability that channel quality state in time index n lies in state ݉. It is clear that ∑ β ୬ ୫ ୫ = 1 and the probability β ୬ ୫ < 1.
The update of the belief function in each timeslot is dependent on whether the PU is active or not. If the PU is active, the SU listens to the feedback message and obtain the state of the channel quality in that timeslot. If the PU is idle, the update of the belief function is calculated by averaging the current belief over all transition probabilities.
where ‫)ݐ(ߪ‬ ϵ {݂ܾ݁݁݀ܽܿ݇, ‫݊‬ ݂ܾ݁݁݀ܽܿ݇}. Considering the direct transmission between PU source and destination, the achievable rate in this case can be formulated as:
where SNR is the signal to noise ratio of the direct transmission, which is assumed before as exponential random variable. The mean of the SNR random variable is γ . The target transmission rate of the PU link is ܴ , which is constant and determined by the required QoS. The direct transmission link is said to be in non-outage state if the target transmission rate of the PU is lower than the achievable rate from the channel.
where ⍴ ୮ = 2 ୖ ౦ − 1 and P ୈ,୭୳୲ୟୣ
). For the direct transmission link to be in non-outage state, the instantaneous SNR value at the desired destination should be higher than certain SNR threshold obtained from (9),
The reward function is expressed as an increasing function when the SU tends to cooperate with the PU while the direct transmission link is in outage state. Therefore, the SU is going to admit the PU packets in the relay queue when the target rate is lower than the achievable rate due to low instantaneous SNR. Additionally, the function is expressed as increasing function when the SU tends to choose the underlay access while the link of direct transmission is not in outage.
For every state m ߳ M, we have two reward values corresponding to two actions made by the SU; whether to cooperate with PU or access in the underlay mode. We define the reward function as follows:
݉ ߳ { 0, 1, 2, , ‫ܯ‬ − 1},
Since the actual reward function cannot be obtained at the beginning of each timeslot due to the randomness of SNR and the actual state of the channel quality is not known, we resort to the expected reward function, ⍴ (߆ (), ܽ). The expected reward function is calculated by averaging the reward values over the probabilities that channel SNR lies in certain state giving the reward value of each state.
The expected reward function is calculated for the two actions and the action with the highest reward is selected.
IV. NUMERICAL RESULTS
In this section, a typical scenario is considered with a slowly fading channel and a time varying environment. The performance is evaluated by MATLAB simulations, whose parameters are listed in table 1. The reward parameters for the two possible actions are listed in table 2. In Fig. 5 , we plot the SU's throughput versus the primary user arrival rate. For the sake of comparison, we plot the SU's throughput deduced from different access modes, no cooperation, conventional cooperation [2] , and the proposed hybrid cooperation modes. The figure reveals that the SU's throughput of the hybrid cooperative access is superior to the non-cooperative and the conventional cooperative access modes for all PU's arrival rates.
On the first hand, at low λ ୮ , the SU's throughput superiority of the hybrid access can be interpreted as follows: the SU exploits the belief function to predict the transmission conditions of the PU's channel. The SU chooses to access the channel in the undelay mode whenever the channel is predicted to be in good transmission conditions. Unlike the hybrid access, the SU is allowed to access the PU's channel only in the overlay mode for the conventional cooperative and the non-cooperative access modes.
On the other hand, at moderate λ ୮ values, there is no SU's transmission in the overlay mode since the PU is active almost all the time. Only the hybrid access gains benefits from the underlay transmission when the primary channel is predicted to be at good transmission conditions. Finally, at high λ ୮ , the PU must sustain the stability condition of its queue, the service rate of the queue must be higher than its arrival rate as defined by Loynes's theorem [13] . In order for mitigation the interference to the PU transmission, when the SU wrongly predicts that the PU's channel is at good transmission conditions, the SU no longer transmits in the underlay mode when λ ୮ reaches higher values. Figure 6 plots SU's throughput versus the primary user arrival rate at different underlay transmission power, 20%, 40%, and 60% of the overlay power. Results reveal that, firstly, the lower SU's underlay power, the higher SU's throughput at low λ ୮ . This can be interpreted as follows, at low λ ୮ , the SU with higher underlay power produces more interference to the PU transmission. The more interference at the PU results in more retransmission of PU undelivered packets either through the direct link or by the relaying SU. This leads to lower opportunities for the SU to access the channel with high power in the overlay mode.
Secondly, as the SU accesses the channel mainly in the underlay mode at moderate λ ୮ values, so the higher underlay power gives the better SU's throughput. Finally, for the stability constraint of the PU's queue, the SU no longer transmits in the underlay mode at higher λ ୮ values, and the SU's throughput reaches zero. In this paper, we proposed a system in which the secondary user is allowed for the hybrid channel access. We studied in elaborate detail different access modes allowed for the secondary user. The secondary user is assumed to access the channel in two modes: either underlay mode or overlay mode with cooperation. The secondary user can switch to the appropriate mode according to the status of the primary channel. The system model and channel analysis are illustrated. Results reveal that the hybrid access outperforms the conventional cooperation and the non-cooperation access schemes. The system is simulated at different secondary user's power and different reward parameters to select the appropriate decision whether to cooperate with the primary user or choose the underlay access. Performance analysis and simulation show the improvement in network performance. 
